Hippocampal CA1 pyramidal neurons receive inputs from entorhinal cortex directly via the temporoammonic (TA) pathway and indirectly via the Schaffer collateral (SC) pathway from CA3. NMDARs at synapses of both pathways are critical for the induction of synaptic plasticity, information processing, and learning and memory. We now demonstrate that, in the rat hippocampus, activity-dependent mGlu1 receptor-mediated LTD (mGlu1-LTD) of NMDAR-mediated transmission (EPSC NMDA ) at the SC-CA1 input prevents subsequent LTP of AMPAR-mediated transmission. In contrast, there was no activity-dependent mGlu1-LTD of EPSC NMDA at the TA-CA1 pathway, or effects on subsequent plasticity of AMPAR-mediated transmission. Therefore, the two major pathways delivering information to CA1 pyramidal neurons are subject to very different plasticity rules.
Introduction
Pyramidal neurons in area CA1 of the hippocampus receive information from the entorhinal cortex (EC) via two different routes (van Strien et al., 2009 ). The direct temporoammonic (TA) pathway originates from layer III of EC and terminates on distal dendrites of CA1 pyramidal neurones in the stratum lacunosum moleculare (SLM). The indirect pathway originates from layer II of EC and passes via the trisynaptic circuit culminating in the Schaffer collaterals (SC) terminating on proximal dendrites of CA1 in the stratum radiatum (SR). The two inputs convey distinct spatial information and have different roles in learning and memory (Brun et al., 2002; Remondes and Schuman, 2002) .
NMDARs are critical for induction of synaptic plasticity in numerous brain regions, including at the TA-CA1 (Remondes and Schuman, 2002) and SC-CA1 synapses (Collingridge et al., 1983) . NMDARs are heteromeric assemblies (Cull-Candy et al., 2001) composed of two essential GluN1 subunits and two or three GluN2 subunits. There are four GluN2 subunits (A-D), but the GluN2A and GluN2B subunits predominate in the forebrain. There is evidence that NMDARs with different subunit composition can preferentially induce LTP or LTD (Liu et al., 2004; , and NMDARs at the TA-CA1 and SC-CA1 inputs are reported to have different GluN2A/2B compositions (Arrigoni and Greene, 2004) .
NMDARs themselves undergo synaptic plasticity (Bashir et al., 1991; Kwon and Castillo, 2008; Rebola et al., 2008) . Although the functional consequences of LTP of EPSC NMDA are beginning to be understood (Rebola et al., 2010; Hunt et al., 2013) , the effects of activity-dependent LTD of EPSC NMDA are still unclear. In the current study, we describe activity-dependent LTD of EPSC NMDA that relies on mGlu1 receptors (mGlu1-LTD) and occurs selectively at SC-CA1 but not TA-CA1 synapses. mGlu1-LTD alters the threshold for subsequent LTP of AMPARmediated transmission in the SC-CA1 input. These results show that there is a marked difference in plasticity of EPSC NMDA between two inputs to CA1 that has important functional consequences for plasticity of AMPAR-dependent transmission.
Materials and Methods
P14 male Wistar rats were killed by cervical dislocation in accordance with United Kingdom Animal (Scientific Procedures) legislation. Brains were removed and placed in ice-cold aCSF consisting of the following (in mM): NaCl 124, KCl 3, NaHCO 3 26, NaH 2 PO 4 1.25, CaCl 2 2, MgSO 4 1, D-glucose 10 (bubbled with 95% O 2 /5% CO 2 ). Parasaggital slices (400 m) were cut and the hippocampus isolated. Each "n" value is from a slice from a different animal.
Extracellular recording. Standard techniques were used to record field potentials in response to alternate stimulation (100 s, 3-10 V) of the SC and TA pathways. Responses were recorded and analyzed using WinLTP (Anderson and Collingridge, 2007) . LTP was induced using theta burst (TBS; 2 ϫ 4 stimuli at100 Hz, 200 ms interburst interval) or tetanic (100 stimuli at 100 Hz) stimulation. Picrotoxin was applied for LTP experiments in TA-CA1. Changes in synaptic strength were expressed to the normalized baseline (mean Ϯ SEM) and significance tested using Student's t tests, 30 min after LTP induction. The Group II mGluR agonist DCG-IV was applied at the end of experiments to ensure selective stimulation of TA and SC inputs (Kew et al., 2001) .
Whole-cell recording. Electrodes (4 -7 M⍀) were filled with (in mM): CsMeSO 4 , 130, NaCl 8, Mg-ATP 4, Na-GTP 0.3, EGTA 0.5, HEPES 10, QX-314 5, pH adjusted to 7.2-7.3 using CsOH and osmolarity to 275-290 mOsm with sucrose. CA1 pyramidal cells were voltageclamped at Ϫ70 mV (EPSC AMPA ) or Ϫ40 mV (EPSC NMDA ). Picrotoxin (50 M) and NBQX (5 M) were applied to isolate EPSC NMDA . The decays of EPSC NMDA were fit with a double exponential using Clampfit (v10.2 for Windows; Molecular Devices). The value of the weighted time constant ( w ) was then calculated using the following: w ϭ 1 *A1/ (A1ϩA2) ϩ 2 *A2/(A1ϩA2) (Bartlett et al., 2007) where A1 and A2 represent the amplitudes of the two components and 1 and 2 the decay constants. Differences were assessed using Student's t test.
Immunoblot analysis. P14-P15 Wistar rats were killed by decapitation, and brains were dissected out and placed on ice-cold KrebsHenseleit buffer. Brains were cut by a vibratome and two slices (600 m thickness) containing the dorsal hippocampus were obtained. Under a stereomicroscope, the SR and SLM were dissected out and immediately frozen in dry ice and conserved at Ϫ80°C until processed. Samples were homogenized at 4°C in a lysis buffer composed of Tris-HCl 10 mM, pH 7.4, NaCl 150 mM, EDTA 5 mM, IGEPAL 1%, protease (Santa Cruz Biotechnology) and phosphatase (Sigma) inhibitor mixture. A total of 5 l of tissue extracts was used for protein determination. Proteins (30 g) were resuspended in SDS-bromophenol blue reducing buffer with 40 mM DTT and used for protein analysis. Immunoblotting was performed with the following primary antibodies: Homer 1a (1:200) and Homer 1b/c (1:200) (both from Santa Cruz Biotechnology), and ␤-actin (1:50,000, Sigma). After incubation in primary antibody overnight at 4°C, immunoblots were incubated with HRP-conjugated secondary antibodies (Calbiochem) and developed by ECL (Hybond ECL, GE Healthcare Europe). Statistical analysis was assessed by two-way ANOVA and Fisher's least squares difference.
Results

LTD of EPSC NMDA at SC-CA1 but not TA-CA1
Brief theta frequency stimulation (TFS; 5 Hz, 20 s) produced LTD of EPSC NMDA in the SC-CA1 input (depression to 61 Ϯ 6% of control; n ϭ 9; p Ͻ 0.05; Fig. 1A ). LTD was not associated with a change in w of EPSC NMDA (149 Ϯ 11 ms and 171 Ϯ 15 ms before and after LTD induction; n ϭ 6; p Ͼ 0.05). TFS produced no significant change in EPSC AMPA (86 Ϯ 5% of control; n ϭ 6; p Ͼ 0.05; Fig. 1B ). LTD of EPSC NMDA was not observed when TFS was applied to the TA-CA1 input (90 Ϯ 8% of control; n ϭ 12; p Ͼ 0.05; Fig. 1C ), nor was there any effect on w EPSC NMDA (92 Ϯ 10 ms and 86 Ϯ 8 ms before and after LTD, respectively, n ϭ 12; p Ͼ 0.05). mGlu1 receptor-dependent LTD of EPSC NMDA at SC-CA1 LTD of EPSC NMDA in the SC-CA1 was prevented by the panmGluR antagonist LY341495 (100 M; 89 Ϯ 9% of control; n ϭ 7; p Ͼ 0.05; data not shown). The mGlu1 receptor antagonists LY367385 (30 M; 97 Ϯ 7% of baseline; n ϭ 6; p Ͼ 0.05; Fig. 2A ) and JNJ16259685 (100 nM; 87 Ϯ 8% of baseline; n ϭ 6; p Ͼ 0.05; data not shown) also prevented LTD of EPSC NMDA . However, the mGlu5 receptor antagonist MPEP did not prevent LTD induction (10 M; depression to 65 Ϯ 4; n ϭ 6; p Ͻ 0.05; Fig. 2B ). Thus, synaptic stimulation induces mGlu1-LTD of EPSC NMDA . No NMDAR subunit differences between SC-and TA-CA1 synapses It has been reported that NMDARs at the TA-CA1 and SC-CA1 have different subunit composition (Arrigoni and Greene, 2004).
However, there was no difference between w of EPSC NMDA (SC: 124 Ϯ 4; TA:117 Ϯ 5 ms; n ϭ 44; p Ͼ 0.05) in our experiments; and in addition, the GluN2B antagonist Ro25-6981 did not produce differential effects on EPSC NMDA (SC-CA1: depression of 59 Ϯ 6%, n ϭ 6; TA-CA1: 49 Ϯ 7%, n ϭ 6, p Ͼ 0.05). Thus, it is unlikely that differences in NMDAR subunits between the two inputs account for differences in LTD of EPSC NMDA.
Differences in Homer between TA-CA1 and SC-CA1 inputs
We investigated whether differences in mGlu-stimulated signaling could explain differences in LTD between TA-and SC-CA1. We found no difference in mGlu1-or mGlu5-mediated PI hydrolysis between the two inputs (data not shown). However, we found that levels of Homer 1b/c were significantly lower ( p Ͻ 0.05) in SLM (0.17 Ϯ 0.03) compared with SR (0.33 Ϯ 0.03). In contrast, there was no difference ( p Ͼ 0.05) in Homer 1a levels between SR (0.21 Ϯ 0.05) and SLM (0.19 Ϯ 0.03; Fig. 2C ). Therefore, differences in homer 1b/c expression may explain, at least in part, the differences in mGlu1-LTD of EPSC NMDA between the two inputs.
Metaplasticity resulting from LTD of EPSC NMDA Activity-dependent LTD of EPSC NMDA is predicted to significantly impact on subsequent plasticity of AMPAR-mediated transmission. To examine whether this is the case, fEPSPs were recorded in SR in response to stimulation of two independent SC inputs. TBS was first delivered to one input and resulted in LTP (132 Ϯ 5% of control; n ϭ 9; p Ͻ 0.05; Fig. 3A ). Next the "priming protocol," the same TFS that induces mGlu1-LTD of EPSC NMDA , was applied to the other input. This had no long-term effect on AMPAR-mediated fEPSPs (responses 92 Ϯ 7% of control; n ϭ 6; p Ͼ 0.05; Fig. 3A) . However, following the priming protocol, TBS failed to induce LTP (101 Ϯ 6% of control; n ϭ 9; p Ͼ 0.05; Fig. 3A ). Therefore, a stimulation protocol that results in mGlu1-LTD of EPSC NMDA prevents subsequent induction of LTP of AMPAR-mediated EPSPs.
We next examined whether the effect of LTD of EPSC NMDA is to alter the threshold for LTP induction. Strong highfrequency stimulation (100 Hz, 1 s) was delivered to one input to induce LTP (146 Ϯ 8%; n ϭ 5; p Ͻ 0.05; Fig. 3B ). Next, TFS was applied to the other input (Fig. 3B) . High-frequency stimulation delivered to the primed input 30 min later resulted in LTP (137 Ϯ 10%; n ϭ 5; p Ͼ 0.05; Fig. 3B ) that was similar to the control LTP ( p Ͼ 0.05). Together, these results suggest that mGlu1-LTD shifts the threshold for induction of LTP, an effect that is overcome by a suprathreshold LTP induction paradigm.
The small depression (8 Ϯ 7%, n ϭ 6; p Ͼ 0.05) in fEPSPs produced by priming (Fig. 3B ) may by itself reduce the probability of LTP induction. To ensure that this was not the case, we delivered a weak LTD induction (300 stimuli, 1 Hz) followed by TBS to one input while the other input received only TBS (data not shown). In the primed input (94 Ϯ 2% of control, n ϭ 5), the level of LTP (130 Ϯ 5%, n ϭ 5) was similar ( p Ͼ 0.05) to control LTP (133 Ϯ 4%, n ϭ 5). Therefore, it is unlikely that any small change in AMPAR transmission by priming is responsible for reducing LTP.
Lack of metaplasticity at TA-CA1 input Two independent inputs were stimulated to determine whether priming affected LTP at the TA-CA1 pathway. Priming did not prevent subsequent induction of LTP (control input 136 Ϯ 5%; primed input 136 Ϯ 7%; n ϭ 5; p Ͻ 0.05; Fig. 3C ). Therefore, priming, which has no effect on EPSC NMDA at the TA-CA1 input, has no effect on induction of LTP at this input.
Pharmacological depression of EPSC NMDA increases threshold for induction of LTP of AMPAR transmission
Because priming stimulation leads to LTD of EPSC NMDA , we examined whether a similar decrease in the contribution of NMDARs to synaptic transmission is sufficient to block the induction of TBSinduced LTP. Bath application of 0.3 M D-AP5 resulted in depression of EPSC NMDA (65 Ϯ 5% of control; n ϭ 6; data not shown) that was not different ( p Ͼ 0.05) from activity-dependent LTD of EPSC NMDA . In the presence of 0.3 M D-AP5, LTP was not induced by TBS (101 Ϯ 3%, n ϭ 4; p Ͼ 0.05; Fig. 4Ai , bottom) in contrast to the effect of TBS in the absence of D-AP5 (125 Ϯ 2%, n ϭ 4; p Ͻ 0.05; Fig. 4Ai, top) .
mGlu1 receptor-dependent metaplasticity at SC-CA1
Because LTD of EPSC NMDA was mGluRdependent ( Fig. 2) , we examined whether the priming-induced block of LTP (Fig. 3) could be prevented by mGluR antagonists. TBS was delivered to induce LTP in the control input (132 Ϯ 4%, n ϭ 6; p Ͻ 0.05; Fig. 4Bi ). Following this, the priming protocol was delivered to the second input in the mGluR antagonist LY341495 (100 M) to block LTD of EPSC NMDA . Following washout of LY341495, TBS was delivered to the input primed previously in the presence of LY341495. Under these conditions, TBS resulted in LTP (123 Ϯ 5%, n ϭ 6; p Ͻ 0.05; Fig. 4Bi ) that was not different from control LTP ( p Ͼ 0.05; Fig. 4Bi ). Similarly, the effect of priming on LTP was blocked by the mGlu1 receptor antagonist LY367385 (30 M). LTP induced by TBS following priming in LY367385 (126 Ϯ 10%; n ϭ 7; p Ͻ 0.05, Fig. 4Ci ) was not different ( p Ͼ 0.05) to LTP induced under control conditions (128 Ϯ 4%; n ϭ 7; p Ͻ 0.05, Fig. 4Ci ). Therefore, antagonism of mGlu1 rescues the priming-dependent block of LTP.
Discussion
Activity-dependent changes in synaptic transmission are widely regarded as cellular correlates of learning and memory (Whitlock et al., 2006; Cooke and Bear, 2010) . NMDARs play a critical role in the induction of synaptic plasticity of AMPAR-mediated transmission (Collingridge et al., 1983; Dudek and Bear, 1992) and in learning and memory (Morris et al., 1986) . However, although it is established that LTP and LTD of NMDAR-mediated transmission occurs at a variety of different synapses (Bashir et al., 1991; Kwon and Castillo, 2008; Rebola et al., 2008 Rebola et al., , 2010 Hunt et al., 2013) , this has not previously been examined at TA-CA1 synapses.
We now demonstrate in P14 rats that, although robust LTD was induced at the SC-CA1 input, we were unable to induce LTD of EPSC NMDA at TA-CA1. Therefore, SC-CA1 synapses appear to be far more susceptible to LTD of EPSC NMDA . Although our experiments measuring LTD of EPSC NMDA and those assessing metaplasticity were done under different recording conditions, our results strongly suggest that synaptically induced LTD of NMDAR-mediated transmission increases the threshold for subsequent LTP of AMPAR-mediated synaptic transmission. In this study, we have not examined other developmental ages and therefore cannot rule out that different results would occur at different ages.
LTD of EPSC NMDA and metaplasticity
Plasticity of NMDARs can confer an additional level of complexity (metaplasticity) to rules of synaptic modification, neuronal function, and behavior Hulme et al., 2013) . However, there is a surprising paucity of data directly demonstrating that plasticity of NMDARmediated transmission can affect subsequent plasticity of AMPAR-mediated transmission (Hunt and Castillo, 2012) . The supression of spontaneous glutamate release in cultured neurones was shown to upregulate NMDARs and facilitate AMPAR-LTP (Lee et al., 2010) and mossy fiber-CA3 LTP, which is not normally NMDAR-dependent, becomes dependent on NMDARs following LTP of EPSC NMDA (Rebola et al., 2010) . In addition, heterosynaptic metaplasticity has recently been described at associational-CA3 synapses following NMDAR LTP at mossy fiber-CA3 synapses (Hunt et al., 2013) . Regarding LTD of EPSC NMDA , previous work has shown that release of caged nitric oxide can result in a depression of NMDAR transmission that can impair subsequent LTP (Murphy and Bliss, 1999). Metaplasticity prevented the induction of LTP by TBS but had no effect on LTP induced by a strong protocol (100 Hz, 1 s). It is likely that 100 Hz, 1 s stimulation produces large and sustained postsynaptic depolarization that allows sufficient NMDAR activation to induce LTP, despite the ϳ40% LTD of EPSC NMDA . In contrast, TBS is likely to produce less depolarization; therefore, LTD of EPSC NMDA may result in sufficient reduction of NMDAR activation to prevent LTP induction. This is in keeping with previous studies that have modified NMDAR activation with different levels of AP5 (Cummings et al., 1996) .
LTD of EPSC NMDA : role of mGlu1 receptors
Synaptically induced LTD was unaffected by the mGlu5R antagonist MPEP but was prevented by two distinct mGlu1R inhibitors. This is in contrast to a report demonstrating a role for mGlu5 receptors in LTD of EPSC NMDA in CA1 (Peng et al., 2010 ). An investigation (Volk et al., 2006) of mGluR-dependent LTD of EPSC AMPA suggested that mGlu1 receptor activation was required for expression of LTD of EPSC AMPA . In contrast, however, in our study mGlu1 receptor antagonism was necessary only during the induction of LTD, suggesting a direct role in the induction, rather than the expression, of LTD.
Expression of LTD of EPSC NMDA
LTD was not associated with a change in EPSC NMDA w , suggesting no change in NMDAR subunit composition with LTD; this is in agreement with previous work on Group I mGluR-mediated LTD of NMDAR (Ireland and Abraham, 2009) . In contrast, an activity-dependent switch from GluN2B-containing to GluN2A-containing NMDARs (Bellone and Nicoll, 2007; Yashiro and Philpot, 2008) , which may rely on mGlu5 but not mGlu1 (Peng et al., 2010) , has been demonstrated. Therefore, it is possible that at least two different forms of plasticity of EPSC NMDA exist: one dependent on a subunit switch in NMDARs driven by mGlu5 receptors and a second that does not rely on subunit changes and is driven by mGlu1 receptors.
Differences between plasticity of EPSC NMDA at TA-CA1 and SC-CA1 LTD of EPSC NMDA was induced in the SC-CA1 pathway but not in the TA-CA1 pathway. Interestingly, previous work has demonstrated that mGlu receptor-LTD of AMPAR-mediated transmission is significantly smaller at TA-CA1 synapses compared with SC-CA1 synapses . It has been suggested that EPSC NMDA at SC-CA1 has a greater GluN2B contribution compared with TA-CA1 (Arrigoni and Greene, 2004), which might contribute to the difference in LTD between the two pathways. However, we found no difference in sensitivity to Ro25-6981 and no difference in EPSC NMDA weighted decay time , suggesting it is unlikely that there are differences in NMDAR subunits between the two inputs.
Differences in mGlu1R signaling via Homer proteins may contribute to mechanistic differences in LTD of EPSC NMDA between the SC-and TA-CA1 inputs. Unlike Homer 1b/c, the shorter Homer1a cannot form Homer dimers, which are required for signaling. Therefore, Homer 1a can act as a dominant negative by disrupting mGlu1R signaling protein complexes mediated by long Homers (Kammermeier and Worley, 2007) . Thus, the function of mGlu1Rs in LTD critically depends on the ratio between Homer1b/c and Homer1a. Hence, the differential expression of Homer1b/c between the SR and the SLM may, at least in part, explain the difference between LTD of EPSC NMDA between the two pathways. The impact of these differences on signaling mechanisms for mGlu1-LTD of EPSC NMDA is not known but is unlikely to be through PI pathways.
The lack of LTD of EPSC NMDA at the TA-CA1 input correlated with a lack of metaplasticity (i.e., priming stimulation did not affect subsequent LTP). However, given the different conditions required for induction of LTP in TA-CA1 versus SC-CA1, we cannot rule the possibility that the conditions of our experiments precluded metaplasticity from occurring in TA-CA1.
Although the consequences for hippocampal function of a difference in metaplasticity between the inputs is unclear, it is tempting to speculate that these differences may contribute to their distinct roles in memory. For example, the TA-CA1 is necessary for place cell maintenance (Brun et al., 2002) and memory consolidation (Remondes and Schuman, 2002) , and it is possible that these functions rely less on metaplasticty but depend on TA firing of CA1 neurones that requires stable NMDAR transmission (Branco and Häusser, 2011) . In contrast, the SC-CA1 input is involved in the development of new firing fields and memory acquisition (Nakazawa et al., 2003) , properties that may be more reliant on plasticity of EPSC NMDA .
